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a determinant of cell fate, we speculate that the inductive effect Background. Induction of heme oxygenase-1 (HO-1) proof HO-1 on p21 and the attendant inhibitory effect on the cell tects against diverse insults in the kidney and other tissues.
cycle provide a hitherto unsuspected mechanism underlying We examined the effect of overexpression of HO-1 on cell the cytoprotective actions of HO-1. growth, expression of p21, and susceptibility to apoptosis.
Methods. LLC-PK1 cells were genetically engineered to exhibit stable overexpression of HO-1. The effects of such overexpression on cell growth, the cell cycle, and the cell cycle-inhibiEnzymes that possess heme oxygenase (HO) activity tory protein, p21, were assessed; additionally, the susceptibility provide the principal degradative mechanism for the disof these HO-1 overexpressing cells to apoptosis induced by three different stimuli (TNF-␣/cycloheximide, staurosporine, posal of heme in tissues [1] [2] [3] . These enzymes facilitate or serum deprivation) was evaluated by such methods as the the opening of the heme ring and its conversion to biliquantitation of caspase-3 activity, phase contrast microscopy, verdin, in the course of which iron is released and carbon and the TUNEL method.
monoxide is emitted; biliverdin is subsequently con-
Results. HO-1 overexpressing LLC-PK1 cells demonstrated
verted to bilirubin by the enzyme biliverdin reductase cellular hypertrophy, decreased hyperplastic growth, and growth arrest in the G 0 /G 1 phase of the cell cycle. HO-1 overexpressing [1] [2] [3] . Of the three enzymes which possess HO activity, cells were markedly resistant to apoptosis induced by TNF␣/ HO-1 is the isoform that responds rapidly and robustly cycloheximide or staurosporine as assessed by the caspase -3 to diverse stimuli [1] [2] [3] ; and remarkably, in numerous activity assay. Such overexpression also conferred resistance instances in which it is induced, HO-1 protects tissues to apoptosis induced by serum deprivation as evaluated by the against a wide range of insults including those that are TUNEL method; in these studies, inhibition of HO attenuated the resistance to apoptosis. Expression of the cyclin dependent nephrotoxic [4] [5] [6] , hypoxic [7] , hyperoxic [8] , hemodykinase inhibitor, p21 CIP1, WAF1, SDI1 , as judged by Northern and namic [9] , ischemic [10] , inflammatory [11] , and transWestern analyses, was significantly increased in HO-1 overexplant-related in origin [12] .
pressing cells, and decreased as HO activity was inhibited.
The basis for this commonly observed protective effect
Moreover, this reduction in expression of p21 attendant upon of induced HO-1 rests on actions of this enzyme, which the inhibition of HO activity in HO-1 overexpressing cells paralleled the loss of resistance of these cells to apoptosis when singly or in unison, can interrupt these pathways of injury HO activity is inhibited. The pharmacologic inducer of HO-1, [1] [2] [3] . For example, the induction of HO-1 guards against tomycin and 20 mmol/L HEPES, as described previously [34, 35] . HO-1 overexpressing LLC-PK1 cells were culWhether such effects accruing from the induction of HO-1-the removal of a prooxidant species (heme) and tured in a similar medium except for the addition of 100 g/mL G418 and glucose at a concentration of the elaboration of putative cytoprotectants (carbon monoxide, bile pigments, iron-handling proteins)-account 4.5 g/L. In some studies LLC-PK1 cells were exposed to hemin (iron protoporphyrin IX) or zinc protoporphyrin; for the full measure of the beneficial effects of HO-1 is an unresolved issue [1] [2] [3] . Indeed, there is a sense that concentrated stocks of these solutions were freshly made in 0.05 N sodium hydroxide and used to achieve the final as-yet-undefined mechanisms elicited by HO-1 may contribute to its cytoprotective effects [1] [2] [3] . Moreover, each concentration by appropriate dilution with serum-free incubation media. product of HO in a given circumstance can inflict tissue injury [25] , and there are clearly defined settings, includ-HO-1 overexpression in LLC-PK1 cells ing those involving the kidney, wherein the induction of HO-1 exacerbates, rather than retards, tissue damage LLC-PK1 cells were stably transfected with either an empty expression vector (control cells) or a plasmid con- [26] [27] [28] . Thus, beneficial effects may not arise from HO-1 induced in injured tissue; and if protective effects are taining the rat HO-1 cDNA driven by the Friend spleen focus-forming virus long terminal repeat (HO-1 overexobserved following such induction, they may not necessarily be channeled through mechanisms conventionally pressor) by methods previously described in detail [36] . Transfectants were selected in G418, and individual invoked for the salutary actions of HO-1. In this regard, the exploration of the cellular effects that result from clones were isolated by limited dilution. HO-1 transgene expression was confirmed by Northern and Western the up-regulation of HO-1 is of interest, as is the uncovering of hitherto unsuspected pathways recruited by analyses, and by measurement of HO activity. In some studies with HO-1 overexpressing cells, incubation with HO-1 as it safeguards against tissue injury.
Employing an approach in which we genetically engizinc protoporphyrin (10 mol/L) in serum-free medium for 12 hours was employed to inhibit HO activity. In neered a widely utilized renal tubular epithelial cell line, LLC-PK1 cells, to exhibit stable overexpression of HO-1, studies evaluating the sensitivity to apoptosis in HO-1 overexpressing and control cells, cells were examined by our present study explored the effect of up-regulation of HO-1 in renal epithelial cells, initially with the intent phase contrast microscopy for the manifestation of such features of apoptosis as cellular shrinkage, granularity, of examining the effect of such overexpression on susceptibility to apoptosis. In the course of these studies we and membrane blebbing. encountered a profound effect of overexpression of HO-1
Determination of expression of HO-1 and p21 mRNA on cellular growth. Our attention was drawn to this findand protein in LLC-PK1 cells ing, since cell fate in renal and extrarenal tissues is strongly determined by cell growth and cell cycle-related Northern and Western analyses were performed by methods described in detail by prior publications from events [29] [30] [31] . For example, the absence of cyclin dependent kinase inhibitors such as p21 and p27-species that this laboratory [37] . Extraction of RNA from cultured cells was performed using the Trizol method (Life Techinterrupt the cell cycle-exaggerates apoptosis in murine models of acute glomerular and tubular injury [32, 33] .
nologies, Gaithersburg, MD, USA). Ten microgram samples of total RNA were separated on agarose gels and We thus examined in these HO-1 overexpressing cells their progression through the cell cycle, and expression transferred to nylon membranes. Membranes were hybridized with a mouse HO-1 cDNA or a human p21 of these cell cycle regulators. Our finding that increased expression of HO-1 in renal epithelial cells markedly cDNA probe that had been 32 P-labeled [37] . Autoradiograms were evaluated for loading and transfer, as preinfluences cell growth and the cell cycle uncovers a potential, and heretofore unsuspected, mechanism by which viously described [37] , by assessing the optical density of the 18S rRNA on an ethidium bromide-stained nylon HO-1 may confer resistance of renal epithelial cells to injury.
membrane.
Western analysis for HO-1 and p21 was performed on protein extracted from these cultures using the Trizol METHODS method (Life Technologies). Briefly, samples containing Cell culture studies 100 g of protein were separated on 15% Tris-HCl gels, and were transferred to PVDF membranes (Bio-Rad All reagents employed were obtained from Sigma (Sigma, St. Louis, MO, USA) unless otherwise stated.
Laboratories, Hercules, CA, USA). For analysis of expression of HO-1 protein, a rabbit, anti-rat, polyclonal LLC-PK1 cells (American Type Culture Collection, Rockville, MD, USA) were cultured in DMEM (Gibco-BRL, HO-1 antibody was employed (SPA895, StressGen Bio-technologies, Victoria, BC, Canada) followed by a horsewhich 1.5 mL of 95% ethanol was added dropwise over one minute. Following incubation at room temperature radish peroxidase-conjugated goat, anti-rabbit IgG antibody (SAB 300, StressGen Biotechnologies) for a secondfor five minutes and washing, cells were incubated with 180 g/mL of RNase A for 30 minutes at 37ЊC and ary antibody. Rat HO-1 (Rat HSP 32, SPP 730; StressGen Biotechnologies) was used as a positive control. Expreswashed once in culture medium. Immediately before analysis, cells were incubated with propidium iodide sion of p21 protein was analyzed using a mouse anti-p21 monoclonal antibody (65961A; Pharmingen, San Diego, (20 g/mL) in the dark for 20 minutes on ice. Flow cytometry was performed on a Becton Dickinson FACScan CA, USA) as the primary antibody and a polyclonal goat, anti-mouse IgG antibody (M15345; Transduction (San Jose, CA, USA) using an excitation wavelength of 488 nm and emission wavelength of 585 nm; ModFit Labs, Lexington, KY, USA) as the secondary antibody. Protein from a cellular extract of MCF-7 cells was used software (Verity Software House, Topsham, ME, USA) was employed in the analysis of data [40] . as a p21 positive control. Detection was achieved by using a chemiluminescence method (Amersham PharAssessment of apoptosis macia Biotech, Piscataway, NJ, USA).
Quantitation of caspase-3 activity. Apoptosis was inMeasurement of HO activity duced in confluent monolayers of LLC-PK1 cells by incubation with either TNF-␣ (2 or 5 ng/mL, PHC3015; Heme oxygenase activity was measured in microsomal preparations from HO-1 overexpressing and control cells Biosource International, Camarillo, CA, USA) in conjunction with cycloheximide (10 g/mL), or staurosporine by the determination of the generation of bilirubin by microsomes, as described in our prior studies [37] .
(1 mol/L) for two to three hours depending upon the study. In certain protocols, HO-1 was induced in LLCDetermination of protein/DNA content PK1 cells by exposure to hemin (10 mol/L) in serumfree medium for four hours prior to the induction of Protein and DNA determinations were performed on whole homogenates prepared from HO-1 overexpressing apoptosis. Apoptosis was assessed by determining caspase-3 proteolytic activity by a fluorometric method that and control cells. Protein content was assayed using the Lowry method. DNA content was determined using a is now widely established as a quantitative assay for apoptosis [41, 42] . This assay determines the liberation of the modification of the method of Burton as previously performed by our laboratory [38, 39] . Briefly, cells were fluorochrome 7-amino-4-trifluoromethyl coumarin (AFC) from a fluorogenic substrate, Z-DEVD-AFC. Monolayscraped from 10 cm culture dishes in a 0.1 mol/L potassium phosphate lysis buffer and homogenized on ice.
ers of cells which had been incubated with or without apoptotic agents were washed once with PBS and then After washing with 0.2 N perchloric acid, the pellet was resuspended in 0.5 N perchloric acid, hydrolyzed at 85ЊC, lysed on ice with a 25 mmol/L HEPES buffer (pH 7.5) containing 5 mm MgCl 2 , 5 mmol/L ethylenediaminetetraand the sample then centrifuged at 1500 ϫ g for 15 minutes. Extracted DNA in the supernatant was incuacetic acid (EDTA), 1 mmol/L egtazic acid (EGTA), 2 mmol/L phenylmethylsulfonyl fluoride (PMSF), 10 g/mL bated in a reaction mixture consisting of 5% perchlorate, 20 mg/mL diphenylamine, 40 g/mL acetaldehyde and pepstatin, 10 g/mL leupeptin, 1 g/mL aprotinin, and 5 mmol/L dithiothreitol (DTT). Lysates were then centri-50% acetic acid overnight at 37ЊC. Cell DNA concentrations were determined spectrophotometrically at 595 nm fuged for three minutes at 20,000 ϫ g and the supernatant assayed for caspase-3 activity. Five to 50 g of cyand standardized against a calibration curve constructed using calf thymus DNA.
tosolic protein was incubated in a reaction mixture containing 100 mmol/L HEPES (pH 7.5), 10% sucrose, Assessment of proliferative cell growth 0.1% CHAPS, 10 mmol/L DTT, and 50 mol/L fluorogenic caspase-3 substrate, DEVD-AFC (Calbiochem, To determine the effect of HO-1 on proliferative cell growth, HO-1 overexpressing and control cells were San Diego, CA, USA) for one hour at 37ЊC. To ensure specificity of the assay for caspase-3 activity, each sample plated in six well culture dishes at an initial density of 5 ϫ 10 4 cells per well. At daily intervals, cells were trypwas assayed in the presence or absence of a caspase-3 inhibitor, Ac-DEVD-CHO (20 mol/L; Calbiochem) sinized and counted using a hemacytometer. and the difference of fluorescence between the two samFluorescence-activated cell sorter analysis ples was standardized against a calibration curve of free AFC. Reactions were performed in 100 L volumes on Cell cycle analysis was performed by fluorescenceactivated cell sorter analysis (FACS). Approximately 2 ϫ 96 well plates and the resulting fluorescence was measured using a FL600 Microplate Fluorescence Reader 10 6 HO-1 overexpressing cells and control cells were harvested by trypsinization and gently pelleted by cen-(Bio-Tek Instruments, Winooski, VT, USA) fitted with filters allowing excitation at 400 nm and detection of trifugation at 200 ϫ g for five minutes. Cells were washed in cold PBS and then resuspended in 0.5 mL of PBS, to emission at 505 nm. Caspase-3 activity was standardized for protein in the supernatant, the latter determined by the Lowry method. TUNEL method. The TUNEL assay was used to evaluate apoptosis in HO-1 overexpressing and control cells subjected to TNF-␣/cycloheximide, and under conditions in which cells were exposed to deprivation of serum in the cell culture medium. In studies involving deprivation of serum in the cell incubation medium, cells were seeded into six well plates, grown to confluence, and incubated in the presence (standard culture medium) or absence of FCS for 36 hours. During the last 12 hours of this incubation, serum-deprived cells were incubated in the presence or absence of zinc protoporphyrin (10 mol/L). Following these incubations, cells that had detached from the monolayers were collected by gentle centrifugation of the incubation medium for each well and combined with cells subsequently harvested by trypsinization from the bottom of the wells. The resulting cell pellets were washed once with PBS and fixed by resuspension in 0.5 mL methanol-free formaldehyde (1% in PBS; Polysciences Inc., Warrington, PA, USA) for 15 minutes at room temperature. Fifty microliters of these cell sus- tected in these cell preparations using the Apoptag Plus Peroxidase In Situ Apoptosis Detection Kit (Intergen, Purchase, NY, USA), as previously described [43] . This method detects DNA fragmentation associated with Figure 1 . As demonstrated, HO-1 mRNA and protein apoptosis by labeling of 3Ј-OH DNA termini with digoxiare markedly increased in these cells, and are accompagenin-nucleotides, a process facilitated by terminal deoxnied by a fivefold increase in HO activity. ynucleotidyl transferase (TdT); these labeled fragments In these HO-1 overexpressing cells, a profoundly altered are then allowed to bind to an anti-digoxigenin antibody pattern of cellular growth is observed, and is characterconjugated with peroxidase, and DAB is then used as the ized by enhanced hypertrophic cell growth but diminsubstrate for the peroxidase. A sham incubation (without ished hyperplastic growth. As evidence of hypertrophy TdT) was performed for each cell preparation as a negain HO-1 overexpressing cells, the protein/DNA ratio is tive control. In studies of apoptosis induced by serum significantly increased in these cells as compared to condeprivation and assessed by the TUNEL assay, apoptotic trol cells (19.7 Ϯ 0.8 vs 26.2 Ϯ 1.3, N ϭ 5, P Ͻ 0.05). cells were counted in four separate fields examined for Hyperplastic (proliferative) cell growth was clearly dieach of these six conditions; the number of apoptotic minished as indicated in studies involving daily enumeracells was expressed as a percent of the total number of tion of cells following the plating of identical numbers of HO-1 overexpressing and control cells (Fig. 2) . After cells in each field, and the mean value determined for initial plating of 5 ϫ 10 4 cells per well of either HO-1 these four fields in each of these six conditions. overexpressing or control cells, there were half as many Statistics HO-1 overexpressing cells by day 3, and this diminished proliferative growth of HO-1 overexpressing cells perData are expressed as means Ϯ SEM and are considsisted over the period of study (Fig. 2) . ered statistically significant for P Ͻ 0.
For comparison
To analyze further the pattern of growth of HO-1 between unpaired groups, the Student t test or the Mannoverexpressing cells, cell cycle analysis was conducted Whitney was employed as appropriate.
using FACS. As shown in Figure 3 To determine whether overexpression of HO-1 influenced vulnerability to apoptosis, we evaluated apoptotic evaluated the specificity of HO activity in accounting for responses in these cells using three different assays and the resistance to apoptosis in HO-1 overexpressing cells three different pro-apoptotic stimuli. Figure 4 presents by examining the effect of the competitive inhibitor of data from studies in which apoptosis was induced by two HO, zinc protoporphyrin. Representative findings from distinct stimuli (TNF-␣ in conjunction with cyclohexithese studies are shown in Figure 6 . With serum deprivamide, and staurosporine) that utilize different proximate tion, control cells exhibited apoptosis (Fig. 6 , B vs. A), pathways in the induction of apoptosis; in these studies, and the concomitant presence of zinc protoporphyrin apoptosis was assessed by a quantitative assay based increased the severity of apoptosis in these cells (Fig. 6 , on the spectrofluorometric determination of caspase-3 C vs. B). The percent of apoptotic cells under conditions activity. As demonstrated, HO-1 overexpressing cells represented by Figure 6 A, B, and C were 0, 37 Ϯ 3, were resistant to apoptosis induced either by TNF-␣ and 60 Ϯ 8%, respectively. HO-1 overexpressing cells and cycloheximide (Fig. 4A) or staurosporine (Fig. 4B) .
were strikingly resistant to apoptosis induced by serum Morphologic examination of these cells by phase condeprivation (Fig. 6 , E vs. D, E vs. B). This resistance to trast microscopy also demonstrated that HO-1 overexapoptosis in HO-1 overexpressing cells was attenuated pressing cells were resistant to these pro-apoptotic by the inhibitor of HO activity, zinc protoporphyrin agents, TNF-␣/cycloheximide and staurosporine: such (Fig. 6, F vs. E). The percent of apoptotic cells under features as cellular shrinkage, granularity, and memconditions represented by Figure 6 D, E, and F were 0, brane blebbing were prominent in control cells exposed 0, and 18 Ϯ 2%, respectively. These studies thus underto TNF-␣/cycloheximide, or staurosporine, but were inscore the specific contribution of HO activity to the resisconspicuous in HO-1 overexpressing cells so exposed.
tance observed in HO-1 overexpressing cells. This resisThis resistance of HO-1 overexpressing cells to apotance of HO-1 overexpressing cells to apoptosis induced ptosis was again demonstrable by another technique, the by serum deprivation and assessed by the TUNEL assay, TUNEL assay, in studies that utilized TNF-␣/cyclohexiand the attenuation of this resistance by zinc protopormide as the pro-apoptotic insult. These data are shown in phyrin, were corroborated by morphologic examination Figure 5 . Control cells demonstrate prominent apoptosis of HO-1 overexpressing and control cells by phase confollowing exposure to TNF-␣/cycloheximide (Fig. 5, B trast microscopy under these conditions. vs. A). In striking contrast, HO-1 overexpressing cells, Overexpression of HO-1 in LLC-PK1 cells thus is atwhen subjected to TNF-␣/cycloheximide under these tended by growth arrest in the G0/G1 phase of the cell identical conditions, were markedly resistant to apoptocycle and resistance to apoptosis. To explore a possible sis (Fig. 5, D vs. C, and D vs. B) .
mechanism that may account for these changes, the exTo examine this resistance to apoptosis in HO-1 overpression of cyclin-dependent kinase inhibitors was examexpressing cells further, apoptosis was assessed in these ined, in particular, p21, as p21 possesses the dual capabilicells by the TUNEL assay, and in response to the proapoptotic insult, serum deprivation. These studies also ties of inducing cell cycle arrest (in the G 0 /G 1 phase) and conferring resistance to apoptosis (Discussion section). to pro-apoptotic stimuli: HO-1 overexpressing cells exAs demonstrated in Figure 7 , p21 mRNA and protein hibited diminished hyperplastic growth, growth arrest in were both significantly increased in HO-1 overexpressing the G0/G1 phase of the cell cycle, and resistance to apocells. In contrast, the cyclin-dependent kinase inhibitor, ptosis, the latter induced either by TNF-␣/cyclohexip27, was not induced in these cells (data not shown).
mide, staurosporine, or serum deprivation. We conTo determine if a causal relationship exists between firmed in these HO-1 overexpressing cells that HO activthe expression of HO-1 in HO-1 overexpressing cells and ity per se contributed to this resistance to apoptosis: the the up-regulation of p21 in these cells, we examined wheinhibition of HO activity attenuated the resistance to ther the inhibition of HO activity by zinc protoporphyrin apoptosis when the latter was induced by serum within these cells altered the expression of p21 protein. These drawal. studies were performed under conditions that reproTo examine possible mechanisms that may account duced those in which zinc protoporphyrin was employed for this induction of hypertrophy and the conferment of in the later phase of serum deprivation and apoptosis resistance to apoptosis, we considered molecular signals assessed, as described in Figure 6 . As demonstrated in that may exert these dual actions. In this regard, p21, a Figure 8 , the exposure of HO-1 overexpressing cells to cyclin dependent kinase inhibitor that promotes cellular the inhibitor of HO activity, zinc protoporphyrin, led to hypertrophy and enables cells to resist apoptosis [29, 31, significant down-regulation of p21.
44], was chosen as a possible candidate. p21 mRNA and We then questioned whether up-regulation of HO-1 protein were significantly up-regulated in HO-1 overexby an alternative approach besides transfection of cells pressing cells. That HO activity per se contributed to such with the rat HO-1 gene would also induce p21. To this increased expression of p21 was demonstrated in studies end, we employed a recognized and widely employed in which such activity of HO was inhibited in HO-1 chemical inducer of HO-1, namely, hemin [1, 2] . We overexpressing cells. Moreover, this reduction in expresconfirmed that wild-type LLC-PK1 cells exposed to hesion of p21 in HO-1 overexpressing cells exactly paralmin demonstrate increased expression of HO-1 (data leled the loss of resistance of these cells to apoptosis not shown). Concomitant with this, wild-type LLC-PK1 when HO activity is inhibited. Finally, in complementary cells exposed to hemin exhibited increased expression studies using a pharmacologic inducer of HO-1 (hemin) of p21 mRNA and increased p21 protein (Fig. 9) . Such in wild-type cells, induction of HO-1 was accompanied by pharmacologic induction of HO-1 was functionally sigincreased expression of p21 and resistance to apoptosis. nificant: under these conditions in which the prior expoThese studies thus provide the novel demonstration that sure of LLC-PK1 cells to hemin led to an up-regulation induction of HO-1 by genetic or pharmacologic apof HO-1 and increased expression of p21, a significant proaches induces expression of p21. The mechanisms by resistance to apoptosis, induced by TNF-␣/cyclohexiwhich cellular expression of HO-1 influences that of p21 mide, also was observed (Fig. 10) . merit further study. It is possible that the immediate end products of HO activity (iron, bile pigments, carbon DISCUSSION monoxide) or more distal effects of HO activity may up-regulate cellular expression of p21, and studies that In our analysis of LLC-PK1 cells stably transfected explore such involvement represent relevant and imporwith rat HO-1 cDNA, we confirmed the efficacy of transtant areas of investigation. fection as demonstrated by markedly increased HO-1
The resistance of HO-1 overexpressing cells to apoptomRNA and protein, and robustly increased HO activity.
sis was particularly striking (Figs. 4, 5 , and 6), and was Such overexpression of HO-1 profoundly altered cellular behavior as assessed by patterns of growth and sensitivity displayed against three different pro-apoptotic insults. Notably, the specificity of HO activity in contributing to with serum deprivation (Fig. 6, F vs. E). In such studies of serum deprivation, however, the severity of apoptosis this resistance was confirmed in studies of HO-1 overexpressing cells in which the specific competitive inhibitor was not as marked as apoptosis observed in control cells subjected to HO inhibition in conjunction with serum of HO (zinc protoporphyrin) was applied in conjunction findings may reside in the less than complete inhibition of HO activity by zinc protoporphyrin in HO-1 overexpressing cells, the latter demonstrating a particularly vigorous augmentation in HO activity. Indeed, to the extent a mechanism through which pathophysiologically relevant stimuli promote such renal growth is supported by that increased expression of p21 accounts for the resistance of HO-1 overexpressing cells to apoptosis, it is notsubstantial literature. For example, LLC-PK1 cells transfected with adenoviral vectors containing coding seable that inhibition of HO in these cells clearly reduced, but did not ablate, cellular expression of p21 (Fig. 8) .
quences of p21 exhibit increased protein synthesis, increased protein/DNA content, and increased cell size on We speculate that this resistance to apoptosis in HO-1 overexpressing cells may reflect the up-regulation of p21 FACS analysis [45] . Angiotensin II, a recognized inducer of hypertrophy in renal tubular epithelial cells [46] , sigthat occurs in these cells, and that the anti-apoptotic effects of p21 may contribute to, or synergize with, the nificantly up-regulates p21 [45] , thereby raising the possibility that p21 may assist in angiotensin II-induced hyperanti-apoptotic actions of HO-1 in these HO-1 overexpressing cells. However, the involvement of p21 in this trophy. p21Ϫ/Ϫ mice subjected to streptozotocin-induced diabetes mellitus fail to evince the expected glomerular resistance to apoptosis in HO-1 overexpressing cells requires evaluation by studies in which the expression hypertrophy that occurs in diabetic nephropathy [47] . Consonant findings are observed in the renal ablation and/or actions of p21 are inhibited and sensitivity to apoptosis concomitantly evaluated.
model [48] : mice deficient in p21, when subjected to subtotal reduction of renal mass, evince a hyperproliferaThat p21 induces renal hypertrophy and may serve as tive rather than a hypertrophic response, the latter more sis [32] . Interestingly, induction of HO-1 occurs in response to such nephrotoxins as cisplatin in vivo and in emblematic of the changes in the kidney following subtotal renal ablation in wild-type (p21ϩ/ϩ) mice [48] . Thus, vitro; such induction of HO-1 is functionally significant since inhibition of HO worsens renal injury induced by ample evidence, derived from in vitro and in vivo settings, supports the view that p21 can induce renal hypercisplatin [5] , while HO-1Ϫ/Ϫ mice exhibit heightened renal damage, both structurally as well as functionally, trophy.
p21 protects against apoptosis in numerous cell types in response to cisplatin [6] . Moreover, human proximal tubular epithelial cells that overexpress HO-1 are resisand in response to diverse pro-apoptotic stimuli. Overexpression of p53 in colorectal cancer cells, for example, tant to the toxicity of cisplatin in vitro [6] . Based on our findings, we speculate that the mechanisms by which can induce either growth arrest or apoptosis; increased expression of p21 accompanies the growth-arrest reinduction of HO-1 protects against cisplatin-induced nephrotoxicity involve p21-dependent mechanisms. This sponse in these cells, and the homologous deletion of p21 leads to apoptosis rather than a growth arrest relinkage also may be relevant to other types of toxic nephropathy such as myoglobin-induced renal injury; for sponse when p53 is overexpressed [49] . Overexpression of p21 protects human melanoma cells against p53-driven example, myoglobin, a heme protein and a recognized inducer of HO-1, was previously shown to inhibit the apoptosis [50] ; similarly, overexpression of p21 safeguards human colorectal carcinoma cells against prostaproliferation of renal tubular epithelial cells [58] . It is possible that such growth arrest may reflect induction glandin A2-mediated apoptosis [51] . Fibroblasts deficient in p21, as compared to wild-type fibroblasts, are by HO-1 by myoglobin, and attendant up-regulation of p21. Interestingly, HO-1 overexpressing pulmonary epimore sensitive to p53-driven apoptosis [50] . Induction of p21 accompanies differentiation of certain cell types thelial cells are resistant to hyperoxia and exhibit growth arrest; we suggest that induction of p21 may also be in vitro, and such expression of p21 confers resistance to apoptosis that can occur with differentiation [52, 53] .
germane to these hitherto unexplained findings [36] . That the expression of p21 is linked to HO-1 also may Relevant to this latter finding is the recent demonstration that nuclear factor-B (NF-B)-dependent up-regulabe relevant to the pathogenesis of chronic renal injury from at least three perspectives. The first pertains to the tion of p21 forestalls monocytes from undergoing apoptosis as these cells differentiate [54] .
exaggeration of renal injury observed in p21Ϫ/Ϫ mice. For example, in response to anti-glomerular basement The anti-apoptotic effect of p21 stems from its ability to promote arrest of the cell cycle per se as well as actions membrane (anti-GBM) disease p21Ϫ/Ϫ mice demonstrate markedly increased visceral glomerular epithelial of p21 that interrupt the effector pathways for apoptosis. The induction of cell cycle arrest facilitates the repair of cell proliferation, increased numbers of cells undergoing apoptosis, increased matrix accumulation, and decreased damaged DNA, while the interruption of progression through the cell cycle prevents the replication of damrenal function [59] . The induction of HO-1 occurs in anti-GBM disease and confers a protective role [60] , aged DNA [29, 31, 44] . Thus, p21-induced cell cycle arrest-a property dependent on inhibition of cyclin defindings that raise the possibility that HO may confer such protection through the induction of p21. In tubulointerpendent kinase-is anti-apoptotic to the extent that it proscribes the persistence or replication of damaged stitial disease induced by ureteric obstruction, p21Ϫ/Ϫ mice demonstrate significantly increased interstitial cell DNA. In addition to these anti-apoptotic effects of p21 arising from its capacity to induce cell cycle arrest, p21 proliferation and increased myofibroblast accumulation [61] . Urinary tract obstruction induces HO-1, again promay confer resistance to apoptosis by mechanisms directly influencing the effector mechanisms for apoptosis.
viding another circumstance wherein the linkage of HO-1 and p21 may be relevant [62] . An additional perFor example, p21 can inhibit the proximal events in apoptosis by virtue of its inhibitory effects on initiator casspective is raised by the fact that angiotensin II and transforming growth factor ␤1 (TGF-␤1) can, indepenpases, namely, caspase-8 and caspase-10 [55]. p21 can bind to procaspase-3 and thereby prevent the activation dently, induce p21 [31], and as recently recognized, either angiotensin II or TGF-␤1 can induce HO-1 [63, 64] . It of caspase-3, the latter representing a pivotal member of executioner caspases [56] . p21 also binds to, and thereby is possible that induction of HO-1 by angiotensin II or TGF-␤1 accounts for the up-regulation of p21, thereby vitiates, pro-apoptotic signals such as apoptosis signalregulating kinase-1 (ASK-1) in monocytes undergoing providing a countervailing response that opposes the injurious actions of angiotensin II and TGF-␤1 in the differentiation [57] .
p21 confers resistance to apoptosis in the kidney as kidney. Finally, our observations are germane to quite recent studies in a model of arterial injury wherein exindicated by seminal studies in p21Ϫ/Ϫ mice [32] . When subjected to the nephrotoxic chemotherapeutic agent, pression of HO-1 diminishes proliferative changes and damage in the vasculature through pathways that likely cisplatin, p21Ϫ/Ϫ mice demonstrate greater deterioration of renal function and much more abundant apoptoinvolve up-regulation of p21 [65] .
